weeks after the pilocarpine-induced status-epilepticus (SE) onset. The maximum neuronal damage score and the FJB-positive neurons peak were found in the hilus of dentate gyrus 3 and 12 h after SE onset (Po0.05), respectively. At 1 week after SE onset, the greatest neuronal damage score was detected in the CA1 pyramidal cell layer and the greatest numbers of FJB-positive neurons were found both in the CA1 and CA3 pyramidal cell layers (Po0.05). The molecular, CA3 and CA1 pyramidal cell layers expressed highest presence of GFAP immunoreaction at 1 and 3 weeks after SE onset (Po0.05). Our findings show that, depending on the affected area, neuronal death and gliosis can occur within few hours or weeks after SE onset. Our results corroborate previous studies and characterize short time points of temporal evolution of neuropathological changes after the onset of pilocarpineinduced SE in mice and evidences that additional studies of this temporal evolution may be useful to the comprehension of the cellular mechanisms underlying epileptogenesis.
Introduction
Temporal lobe epilepsy (TLE) is the most common type of human epilepsy, but pharmacological treatment of this disease is completely effective in controlling the seizures in fewer than 20% of patients (Volcy-Gomes, 2004 n pyramidal and dentate hilar neurons, as well as extensive gliosis and damage to the amygdala and other mesial temporal structures (Cendes et al., 1993) . Moreover, in the human hippocampus during TLE, a mossy fiber sprouting towards the supragranular layer of the dentate gyrus can be observed (Sutula et al., 1989) . The surgical removal of the hippocampus and/or other sclerotic mesial temporal structures eliminates seizures up to 80% (Lewis, 2005) . Furthermore, analysis of glial fibrilary acidic protein (GFAP) immunoreaction (Khurgel and Ivy, 1996) has shown that in the seizure foci of both human patients and many animal models of epilepsy, gliosis with striking hypertrophy of astrocytes is a prominent morphological finding and can occasionally be associated with the proliferation of these cells. However, the contribution of astrocytes to epileptogenic mechanisms is still poorly understood. Changes in the reactive state of astrocytes may, however, modify the way in which they maintain homeostasis in the extracellular microenvironment, thus contributing to the development of an epileptic state (Steward et al., 1992 ). The pilocarpine model of epilepsy is an important tool for studying the mechanisms underlying epileptogenesis, since it reproduces in mice and rats the behavioral, electrographic and histological alterations of TLE that lead to spontaneous recurrent seizures after 4-44 days (Turski et al., 1983 (Turski et al., , 1984 Cavalheiro et al., 1991 Cavalheiro et al., , 1996 Cavalheiro, 1995) . Several studies have analyzed the evolution of neuronal damage after pilocarpine administration over time (Fujikawa 1996; Mathern et al., 1998; Covolan and Mello 2000; Poirier et al., 2000; Weise et al., 2005) . However, only few papers have analyzed this evolution in mice (Borges et al., 2003; Hagihara et al., 2005; Wang et al., 2008) .
The objectives of the present study were to determine the temporal pattern of the evolution of neuronal damage and gliosis in the hippocampal formation of mice for up to 3 weeks after the onset of pilocarpine-induced status epilepticus (SE). Neuronal damage was investigated using Fluoro-Jade B (FJB), a high fluorescent marker for localization of neuronal degeneration (Schmued and Hopkins, 2000) and Nissl staining, whereas gliosis was analyzed using GFAP immunohistochemistry.
Results

Behavioral assessment
The behavioral findings after the pilocarpine administration are in agreement with those reported previously in mice (Turski et al., 1984; Cavalheiro et al., 1996) and rats (Turski et al., 1983; Cavalheiro et al., 1991; Cavalheiro, 1995) . Treatment with pilocarpine induces sequential behavioral changes: akinesia, facial automatisms and limbic seizures consisting of forelimb clonus, rearing, salivation and masticatory jaw movements, followed by falling. These behaviors built up progressively, culminating in status epilepticus (SE), which is defined as the presence of generalized and uninterrupted clonic seizures lasting for a minimum of 30 min. The interval between pilocarpine administration and the onset of SE was 43.3373.46 min (mean7SEM; n ¼30). The duration of SE was at least 6 h for all SE groups, except for one group that was sacrificed 3 h after SE onset (3 h of duration of SE). Out of 200 pilocarpine-injected mice, 60 (30% of total) developed SE and survived, 40 mice (20% of total) died during the first 6 h or later after SE and 100 mice (50% of total) did not develop SE. No spontaneous recurrent seizures were observed in pilocarpine-induced SE mice during the daily inspection and maintenance of the cages.
Neuronal damage assessment
Histological analysis revealed neuronal damage in the hippocampal formation of mice after pilocarpine induced SE, which was seen in the granular cell layer of the dentate gyrus (GrDG), polymorphic cell layer of the dentate gyrus (PoDG), pyramidal cell layers CA3 (CA3Py) and CA1 (CA1Py) ( Figs. 1 and 2 ). All the mice with pilocarpine-induced SE showed changes in cellular organization in the granular cell layer of the dentate gyrus (Fig. 1A) . As soon as 3 h after SE onset, the hilar neurons of the PoDG revealed greater neuronal damage (score 4) than those of the other areas of the hippocampal formation (Fig. 1B) . Statistical analyses of neuronal damage score values ( Fig. 1E ; Section 4.8) indicated significant score value differences between groups in the CA3Py (F 5,24 ¼ 3.41; Po0.05), but not in the GrDG (F 5,24 ¼1.18; P ¼0.35), and CA1Py (F 5,24 ¼1.38; P ¼ 0.27).
Multiple post hoc comparisons indicated that the neuronal damage in CA3Py assessed at 1 week (1 WP) was significantly greater than those assessed at 3 (3 HP), 6 (6 HP), and 12 h (12 HP) after the onset of the pilocarpine-induced SE (Po0.05).
Quantitative assessment of neuronal degeneration
Damage to hilar neurons was indicated by Fluoro-Jade B (FJB) positive staining, with cell bodies and processes intensely stained; which was found as early as 3 h after SE onset. FJBpositive neurons were detected in the granular cell layer of the dentate gyrus with the number varying greatly (Fig. 7) . The number of FJB-positive granular neurons were especially high for one mouse after 1 week following SE onset and one mouse after 3 weeks following SE onset (Fig. 3) .The number of FJB-positive hilar neurons, increased over time, with the maximum reached at 12 h after SE onset, and then gradually decreasing until the end of the study (Figs. 4 and 7) . In the CA3Py, FJB-positive neurons were detected 12 h after the onset of SE and in the CA1Py they were detected 6 h after SE onset (Fig. 7) , again with the number of these neurons varying widely. In both the CA3Py and CA1Py, the maximum number of positively reacting neurons was observed after 1 week (Figs. 5 and 6) . No FJB-positive neurons were detected in the control groups in any of the areas investigated here: GrDG, PoDG, Ca1Py and CA3Py. Statistical analyses of the number of FJB-positive neurons in each area of hippocampal formation indicated significant differences between groups for cell counts in the PoDG (F 5,24 ¼7.20; Po0.001), CA3Py (F 5,24 ¼7.95; Po0.001), and CA1Py (F 5,24 ¼6.12; Po0.001), but not in the GrDG (F 5,24 ¼ 0.89; P¼ 0.51). Multiple post hoc comparisons indicated that the number of FJB-positive neurons in PoDG assessed at 12 and 24 h (24 HP) were significantly greater than those assessed at 3 HP and 3 weeks (3 WP) after the onset of the pilocarpineinduced SE (Po0.05). Significant differences were also observed for the number of FJB-positive neurons in CA3Py assessed at 1 WP in comparison with 3 HP, 6 HP, 12 HP and 24 HP (Po0.05). In the CA1Py, the number of the FJB-positive neurons at 24 HP was significantly different in comparison with 3 HP, whereas at 1 WP significant differences were found in comparison with 3 HP and 6 HP (Po0.05).
GFAP immunohistochemistry analysis
The expression of GFAP immunoreactive (GFAP-IR) astrocytes was seen in all the areas studied, with the presence of morphologically modified astrocytes characterized by classical reactivity: many short, stout processes filled with the intermediate filaments.
Reactive astrogliosis was detected in the SE groups in the molecular layer of the dentate gyrus (Mol), GrDG, PoDG, CA1Py and CA3Py (Figs. 8-10 ). The presence of GFAP-IR astrocytes was not detected until 12 h after pilocarpine induced SE, and was only seen in the Mol and CA1Py. After 24 h, the number of GFAP-IR astrocytes also increased in the GrDG and CA3Py. The maximal scores for GFAP-IR astrocytes were seen after 1 week, except for the PoDG, where the maximum was found after 3 weeks. Statistical analyses of GFAP-IR score values ( Fig. 8F ; Section 4.10) indicated significant differences between groups for score values in the Mol (F 5,12 ¼ 38.10; Po0.0001), GrDG (F 5,12 ¼ 5.70; Po0.05), CA3Py (F 5,12 ¼ 59.80; Po0.0001), and CA1Py (F 5,12 ¼33.93; Po0.0001). Marginally significant difference was observed in the PoDG data (F 5,12 ¼2.98; P ¼0.056).
Multiple post hoc comparisons confirmed that the number of GFAP-IR astrocytes increased significantly over time. The scores assessed at 1 WP were significantly greater than those assessed at 3 HP, 6 HP and 12 HP (Mol, GrDG, CA3Py and CA1Py areas; Po0.05), 24 HP (Mol and CA3Py areas; Po0.05), and 3 WP (CA3Py area; Po0.05). In the PoDG, the GFAP-IR score at 3 WP was significantly different in comparison with 3 HP, 6 HP, 12 HP, 24 HP, and 1 WP (Po0.05). b r a i n r e s e a r c h 1 4 7 0 ( 2 0 1 2 ) 9 8 -1 1 0 3.
Discussion
The behavioral results of the present study with Swiss mice corroborate data described in previous studies with mice (Turski et al., 1984; Cavalheiro et al., 1996) and rats (Turski et al., 1983; Cavalheiro et al., 1991; Cavalheiro, 1995) showing that pilocarpine did indeed induce behavioral changes building up progressively recurrent motor limbic seizures that rapidly developed into SE. In addition, our data are in agreement with the evidence on neural degeneration in brain areas after pilocarpine-SE induction which are reported by studies with rats and mice.
After the initial description of the model of pilocarpineinduced SE in rats, its increasing use in mice resulted in evidence showing that inbred and outbred strains of mice differ in their susceptibility to excitotoxin-induced cell death. Schauwecker (2012) compared eight commonly used inbred mouse strain for both susceptibility to pilocarpine-induced status epilepticus and its neuropathological consequences, identifying resistence to neuropathological changes in BALB/cJ and BALB/cByJ and figure E1 showing neuronal damage (arrows). Scale bars¼ 300 lm in A, B1, C1, D1, E1; 80 lm in B2, C2, D2, E2. GrDG, granular cell layer of the dentate gyrus; PoDG, polymorphic cell layer of the dentate gyrus; CA3Py, CA3 pyramidal cell layer of the hippocampus; and CA1Py, CA1 pyramidal cell layer of the hippocampus.
b r a i n r e s e a r c h 1 4 7 0 ( 2 0 1 2 ) 9 8 -1 1 0 significant susceptibility in C57BL/6J and FVB/NJ. These results corroborated previous report by Schauwecker and Steward (1997) on significantly different extents of hippocampal neurodegeneration among inbred strains resulting from the administration of the chemoconvulsante kainic acid. Besides, McLin and Steward (2006) also found that inbred and outbred strains of mice differed significantly both in the amount of hippocampal cell death and in the patterns of neurodegeneration affecting brain areas. Regarding these evidence, we can consider that findings in inbred strains may be useful for genetic dissection of this complex trait, although the use of outbred strains also can be useful to provide insights in other issues in the epilepsy field. Because of the genetic heterogeneity of the outbred strains, as found in humans, they may more accurately mimic what could be found in humans. Another important value of outbred strains is that they can be helpful both in positional cloning of quantitative trait loci and as a phenotype and genotype pool to select specific traits of interest . In this sense, the outbred Swiss mice strain that was used in our study may be regarded as a valid and useful tool for unraveling neuropathological events in epileptogenesis. Particularly, our findings are in agreement with previous data on behavioral manifestations and neural cell damage that follow the pilocarpine-induced SE in mice and add new information obtained with a short time points screening of the evolution of neuronal damage and glial cell alterations in epileptogenesis.
Behavioral assessment and standardization of duration of status epilepticus
Although the behavioral aspects of pilocarpine-induced SE in rodents are well characterized, there are the scarce data in the literature with specific focus in the relationship between b r a i n r e s e a r c h 1 4 7 0 ( 2 0 1 2 ) 9 8 -1 1 0 duration of the SE and the extent of hippocampal damage when the pilocarpine model of epilepsy in mice is used. Recently, Schauwecker (2012) conducted behavioral monitoring for 4-5 h during the investigation of neuronal pathologies after pilocarpine-induced status epilepticus (SE) in eight inbred strains of mice. However, in rats, Lemos and Cavalheiro (1995) have reported that severe neurological damage was seen only 6 h after SE onset, and little neuropathological damage was found 2 h after SE onset. Nearly indistinguishable morphological alterations were seen for two groups of rats, one with pharmacological suppression of the SE after 6 h and the second undergoing spontaneous remission 8-12 h after SE onset. Indeed, extensive pathological alterations were found in several brain regions of rats that underwent SE up to 6 h long, indicating that the severity of neuropathological changes increased with increased SE duration (Liu et al., 1994; Klitgaard et al., 2002; Curia et al., 2008) . The present study is in agreement with this evidence, since the behavior was observed for 6 h in all SE groups, except for one group of mice that was sacrificed only 3 h after SE onset.
In the follow-up period of the pilocarpine-induced SE mice no spontaneous recurrent seizures were observed during the daily periods of observation and during the routine procedures for maintenance of the cages. These observations do not exclude the possibility that seizures occurred during other times. Indeed, Cavalheiro et al. (1996) demonstrated that mice with epilepsy induced by pilocarpine exhibited recurrent spontaneous seizures observed with a frequency of one to five per animal per week.
3.2.
Neuronal damage and excitotoxicity
The data indicate that mice submitted to pilocarpine-induced SE suffered neuronal damage in the GrDG, PoDG, CA3Py, and CA1Py, a result similar to that described in other mice studies (Turski et al., 1984; Cavalheiro et al., 1996; Borges et al., 2003) . Moreover, our data add information about the pattern of temporal evolution of neuronal damage after the onset of pilocarpine-induced SE in mice and indicate that neuronal damage occurs as early as 3 h after SE onset. The neuronal damage that follows SE induction can be seen as related with the excitotoxicity provoked by excessive activation of glutamate receptors and consequently high Ca 2þ influx to neurons, thus resulting in neuronal damage. An overload of intracellular Ca 2þ may over activate proteases, lipases, phosphatases, and endonucleases, a situation that can directly damage the cell structure or induce the formation of oxidative free radicals that mediates cell death (Arundine and Tymianski, 2003) . The control of intracellular calcium is important to maintain cellular homeostasis and can be guaranteed by intracellular calcium-binding proteins, offering additional calcium buffering capacity (Syntichaki and Tavernarakis, 2003) . This fact could explain, at least in part, differing susceptibility to neurodegeneration, since neurons with few or no calcium-binding proteins would be more susceptible to cell death by excitotoxicity during SE than would neurons with more of them. Therefore, it is reasonable to posit a relationship between calcium-binding proteins in the hippocampal formation neurons and the pattern of neuronal damage by excitotoxicity in this region. Both the distribution of calcium-binding proteins (parvalbumin, calbidin and calretinin) in the hippocampal formation of healthy mice (Má tyas et al., 2004) and our findings on the localization of induced neuronal damage point to this direction. Besides, in the dentate gyrus, the granular cell layer expresses calbindinpositive neurons and parvalbumin-and calretinin-positive interneurons (Fujise et al., 1998) . This expression of calcium binding proteins may explain why this layer was more preserved and less susceptible to the excitotoxicity than other regions that were analyzed after SE in our study. On the other hand, the PoDG area revealed a great neuronal damage. Although the hilar interneurons do express at least one type of calcium-binding protein, the fact that predominant neural cells in this area are mossy cells, which do not express calcium binding proteins, may explain this damage (Fujise et al., 1998; Má tyas et al., 2004) . In our investigation, the maximal degree of neuronal damage (score 4) in PoDG was seen as early as 3 h after SE onset and for all other time points, with the PoDG revealing the highest susceptibility to neurodegeneration. The degree of neurodegeneration observed in the CA3Py and CA1Py can also be considered consistent with this hypothesis, since in both the CA3 and CA1 there are interneurons parvalbumin-and calretinin-positive, while pyramidal neurons were found to be calbidin-positive at least in the superficial layer of the CA1 region (Má tyas et al., 2004) .
Neurodegeneration evidenced by Nissl and Fluoro-Jade B staining
Various studies designed to assess the temporal pattern of neuronal damage caused by pilocarpine administration have b r a i n r e s e a r c h 1 4 7 0 ( 2 0 1 2 ) 9 8 -1 1 0 been reported in rats (Fujikawa, 1996; Covolan and Mello, 2000; Poirier et al., 2000) , although studies with mice are scarce. Poirier et al. (2000) found the maximal count of Fluoro-Jade (FJ) positive neurons at 1 week after SE onset in the CA1Py and CA3Py of the rat hippocampus. These authors reported the maximal number of FJ positive neurons in the hilus 1 week after the SE onset, whereas the results in the present study show a peak of the number of FJB positive neurons in the hilus as early as 12 h after SE onset. Our study presents information about the pattern of temporal evolution of neuronal damage after the onset of pilocarpine-induced SE in mice, by using Fluoro-Jade B and Nissl staining. Fluoro-Jade B stains acidophilic cellular components and allows rapid, reliable and sensitive detection of neuronal degeneration (Schmued and Hopkins, 2000) . Hagihara et al. (2005) showed Fluoro-Jade B-positive cells in the hilus and CA1 pyramidal cell layer in mice that had received pilocarpine treatment two days before, which exhibited tonic-clonic convulsions. Lee et al. (2007) also used Fluoro-Jade B staining and detected cell death in the hippocampus of mice 48 h post SE induced by pilocarpine. Wang et al. (2008) detected FJC-positive degenerating neurons in the hippocampus 4 h after onset of SE. Besides, Borges et al. (2003) analyzed with hematoxylin staining the neuronal damage triggered by pilocarpine in the mice hippocampus and found hilar cell loss 499% as early as 6 h, demonstrating a high hilar susceptibility to neuronal damage triggered by pilocarpine. Our findings of massive damage of hilar neurons early after SE onset corroborate those data as well as may support the suggestion that the dorsal hilar region of mice is less resistant to neuronal damage by pilocarpine-induced SE. These data are also in agreement with the findings of extensive hilar hippocampal neuron damage in inbred strains of mice (Schauwecker, 2012) .
Expression of GFAP-IR astrocytes in hippocampal formation
In the PoDG there was no GFAP immunoreactivity at earlier time points (i.e. r24 h after SE onset) and the peak of GFAP-IR astrocytes in the PoDG occurred at 3 weeks (score 0.5). The other 
Po0.05 vs. 3 HP, 6 HP and 12 HP groups.
b r a i n r e s e a r c h 1 4 7 0 ( 2 0 1 2 ) 9 8 -1 1 0 areas of the hippocampal formation expressed less early GFAP immunoreactivity than at 1 and 3 weeks later. The highest scores (score 3) were obtained in the Mol, CA3Py and CA1Py after 1 week, although after 3 weeks this score was maintained only in the CA1Py. These results thus suggest important changes in astrocytic expression after SE induction that may contribute to epileptogenesis by disruption of homeostasis in the extracellular microenvironment. Corroborating this hypothesis, Scorza et al. (2005) reported the expression of nestin (a developmental protein) in the astrocytes of the hippocampal formation in rats 3 and 7 days after SE onset in the pilocarpine model of epilepsy. They suggested that the change of normal resting astrocytes to reactive astrocytes represents an important astrocytic response to cerebral injury, with the increased number of nestin-IR astrocytes participating in synaptic remodeling and associated morphological plasticity during the silent phase.
Since spontaneous seizures have been reported as early as four days after pilocarpine-induced SE (Cavalheiro et al., 1996) , we may consider that the GFAP expression in the PoDG that was observed at 1 week time point suggests that the gliosis in this region may not directly generate epileptogenesis, but rather may play a facilitatory role in the susceptibility to seizure generation once an epileptic state has been installed. Notably, in this region the presence of GFAP expression at later time points may be explained by the findings of Borges et al. (2006) , which demonstrated that in mice astrocyte hilar repopulation occurs after pilocarpine-induced SE. As soon as 5 h after the onset, many BrdU/GFAP co-labeled cells were observed in the hilus and in the SGZ and lasted for 31 days. The hilus in rats showed GFAP immunoreactivity consistent with reactive gliosis, which was associated with neuronal loss at 1-2 weeks after pilocarpineinduced seizures (Obenaus et al., 1993) . These data are in agreement with the relationship between GFAP expression and neuronal damage along the time in the CA3Py and CA1Py that was found in our study.
As reported by Tang et al. (2005) , the use of anterograde tracer and double-labeling indicated a projection from PoDG to gliotic areas in both CA3 and CA1, where the projecting fiber apparently established connections with GluR1-immunopositive neurons. These connections can be visualized in mice 60 days after the onset of pilocarpine-induced SE. The projection to CA1 was unexpected. The authors speculated that the GluR1-immunopositive neurons in gliotic CA1 act as a bridge between the dentate gyrus and the subiculum, thus contributing to epileptogenesis. Although, whether these astrocytes actually do influence these supposed connections and how this is done remain unclear.
Another study (Shapiro et al., 2005) has also indicated a possible participation of astrocytes in morphological plasticity showing that newly born neurons in epileptic rats have longer hilar basal dendrites, which could be the result of gliosis occurring as a result of hilar neuronal cell loss after SE. Human studies have also indicated the possible participation of astrocytes in events related to TLE. One study with specimens of the human hippocampus from patients with TLE detected an increase in the extracellular matrix glycoprotein tenascin/cytotactin (TN-C)-immunoreactivity accompanied by a loss of TN-C boundaries and closely correlated with the amount of reactive gliosis, as indicated by GFAP immunoreactivity (Scheffler et al., 1997) .
Also, Briellmann et al. (2002) conducted one study using hippocampal tissue obtained from patients with refractory TLE showed that 31% of the glial cells in the dentate gyrus were GFAP-positive glial cells (reactive astrocytes), whereas 5% of the glial cells in the CA1 were reactive astrocytes.
In conclusion, the present study reports data on the temporal profile of neural damage occurring after pilocarpine-induced SE, which contributes to our understanding of neurodegenerative mechanisms, as well as providing information for the use this model in interventions designed to promote neuroprotection and/or control of epileptogenesis.
4.
Experimental procedures
Animals
Male Swiss mice (30-45 g, 10-12 weeks old) obtained from the (Laborató rio Regional de Apoio Animal-LARA/MA, Campinas, Brasil) were housed at 21 1C under a 12:12 h light/dark cycle (lights on at 7 a.m.), with access to food and water ad libitum. All experimental protocols used in the present study were approved by Committee for Ethics in Animal Research at UNICAMP and were conducted in accordance with its guidelines.
Pilocarpine-induced status epilepticus (SE)
The protocol for induction of the SE followed that described by Cavalheiro et al. (1996) for male Swiss mice. Scopolamine methylnitrate (Sigma; 1 mg/kg s.c.) was administered in order to limit peripheral muscarinic cholinergic effects. This was followed 30 min later by a single injection of pilocarpine hydrochloride (Merck; 340 mg/kg i.p.) in order to induce the status epilepticus (SE). SE was defined as continuous seizure persisting for a period at least 30 min before spontaneous termination (Lemos and Cavalheiro, 1995) . The control mice received equivalent doses of NaCl 0.9% instead of scopolamine methylnitrate and pilocarpine. The mice that exhibited uninterrupted SE for at least 6 h were attibuted to experimental groups. In one experimental group mice that expressed SE continuously for 3 h (3 HP) were included. Sixty mice were allocated to one of 12 groups (n¼ 5): six experimental groups named as 3 HP, 6 HP, 12 HP, 24 HP, 1 WP and 3 WP were euthanized at 3 h, 6 h, 12 h, 24 h, 1 week and 3 weeks after the onset of the pilocarpine-induced SE, respectively; other six groups served as controls: 3 HC, 6 HC, 12 HC, 24 HC, 1 WC and 3 WC.
Behavioral monitoring
After the onset of the pilocarpine-induced SE, the mice were monitored continuously for 6 h. The duration of SE was standardized for at least 6 h for all SE groups, except for the 3 HP group in which SE was monitored for 3 h immediately before the euthanasia. The pilocarpine-induced SE mice was observed daily during the period of time used for cage inspection and during the routine procedures for cleaning and maintenance of food and water supplies (1-2 h) to detect the occurrence of spontaneous seizures.
Fixation and sectioning
After the administration of pentobarbital 3% (0.1 ml/20 g, i.p.), the mice were perfused transcardially with 100 ml of heparinized NaCl 0.9% (0.2 ml heparin/500 ml of NaCl 0.9%) followed by 120 ml of 4% paraformaldehyde in phosphate buffer (0.1 M, pH 7.40). The brains were removed from the skulls 24 h after the end of the perfusion and were immersed in the fixative solution for up to 72 h before paraffin embedding procedure. Serial coronal sections, 7 mm in thickness, were obtained and processed for Fluoro-Jade B (FJB) stain, Nissl stain and GFAP immunohistochemistry in the CA1 and CA3 pyramidal cell layers of the hippocampus (CA1Py and CA3Py respectively) and in the polymorphic and granular cell layers of the dentate gyrus (PoDG and GrDG respectively). The molecular layer dentate gyrus (Mol) was additionally analyzed in the GFAP immunohistochemistry. For each mouse, both the right and left hemispheres of three sections were used to each type of staining and immunohistochemistry protocols; the distance between the sections was 140 mm. The sections were taken between bregma À1.58 mm and À1.94 mm (Franklin and Paxinos, 1997) .
Nissl staining
One series of sections was stained with cresyl violet (Sigma) according to the previously established protocol (Onishi, 1999) with slight modifications. Briefly, sections were mounted on gelatinized glass slides, deparaffinized with xylene, hydrated in graded ethanol solutions (100-70%) to distilled water, stained with cresyl violet for 9 min at 45 1C, immersed in distilled water, dehydrated with increasing concentrations of ethanol (70-100%), cleared in xylene and coverslipped with Entellan (Merck).
Fluoro-Jade B (FJB) histochemistry
The sections destined for FJB histochemistry were mounted on gelatinized glass slides, deparaffinized with xylene and performed the histochemistry protocol similar to that described earlier (Schmued and Hopkins, 2000) . The sections were immersed for 5 min in a solution containing 1% sodium hydroxide in 80% ethanol and then for 2 min in 70% ethanol. The sections were then transferred to a solution of 0.06% potassium permanganate for 10 min, and gently shaken. After immersing for 2 min in distilled water, the sections were transferred to 0.0004% staining solution of Fluoro-Jade B for 20 min (prepared within 10 min of use). Following, the slides were rinsed for 1 min in each of three distilled water washes. The slides were then dried at 50 1C for 40 min, and cleared for at least 1 min before coverslipping with Entellan (Merck).
Immunohistochemistry procedure
For GFAP immunostaining sections were mounted on gelatinized glass slides and were incubated in rabbit polyclonal antibody to GFAP (1:300; rabbit polyclonal antibody; Dako-USA, cat # Z0334), for 24 h at room temperature (20 1C). This antibody was applied in 1:300 dilution in 0.1 M PBS containing 16% normal goat serum and 0.3% Triton X-100. Sections were then incubated in secondary antibody (1:200) for 1 h followed by the standard avidin-biotin complex (ABC) procedure (1 h) (Vectastain ABC kit, Vector Laboratories), and diaminobenzidine (0.5 mg/ml) þ H 2 O 2 (10 ml) (25 min). In control slides, the primary antibody was omitted. Preparations were conterstained with Harris hematoxylin and coverslipped with Entellan. For GFAP immunostaining three animals of the all SE groups and three animals of 12 HC and 3 WC groups were utilized.
Neuronal damage assessment
Evaluation of cresyl violet-stained slides (n¼ 5 for all groups) was conducted by a blind investigator, with 400 Â magnification under light microscope. Similar neuronal damage assessment was previously used (Borges et al., 2003) . Hippocampal formation was rated for the extent of neuronal damage according to the following scale: score 0¼ 100% of healthy neurons (normal shape and stain of nuclei and nucleoli undistinguishable from control), score 1 ¼ 475% and o100%, score 2 ¼ 450% up to 75%, score 3 ¼ 425% up to 50% and score 4 ¼r25% of healthy neurons (Fig. 1E) . The neuronal damage scores corresponded to median score of the three sections containing both right and left hippocampal formations for each area (CA1Py, CA3Py, PoDG and GrDG) assessed to each mouse.
Quantitative assessment of neuronal degeneration
The numbers of Fluoro-Jade B-positive (FJBþ) neurons in all SE groups (n¼ 5) were quantified in adjacent sections to those stained with cresyl violet. FJB-positive neurons were quantified by capturing images of each section using a CCD camera (Leica DC 300F) mounted on a Nikon microscope. Counting was done using a magnification of 40 Â and six counting squares (30 Â 30 mm) randomly superimposed over the images corresponding to each area (CA1Py, CA3Py, PoDG and GrDG), in three sections (36 squares per total area; 32,400 mm 2 ) for each animal. The number of FJB-positive was counted in each square. Counts considered all the FJB-positive neurons that had their whole cell bodies within the counting frame. Neurons that had part of their cell bodies outside the frame were also counted when it did not touch or intersect the two fully drawn exclusion edges (left fully drawn and/or inferior fully drawn) (Gundersen, 1978; Gundersen et al., 1988) . This counting used double-blinded procedure and was conducted twice for each section, using Image Tool for Windows (Version 3.0). The total number of FJB þ neurons for each total counted area was established as the result of the mean of the sum of these two blinded countings. The results were statistically processed as these means divided per each counted total area to each animal.
4.10.
GFAP immunohistochemistry analysis
The GFAP-immunoreaction (GFAP-IR) method used for the assessment of the density of reactive astrogliosis was based on that previously described (Benkovic et al., 2004) with slight modifications and conducted in different areas of the hippocampal formation was scored as score 0 ¼0% of GFAP-IR typical of gliosis (not present and/or undistinguishable of the control), score 1¼ 40% and r33% (mild presence), score 2¼ 433% and r66% (moderate presence), score 3¼ 466% up to 100% of GFAP-IR typical of gliosis (high presence). The GFAP-IR detected in control groups was considered basal immunoreactivity of GFAP (low intensity immunostaining and preserved shape and size cell, different of typical gliosis). All histologic analyses were performed by an investigator who was blind to the groups, at 400 Â magnification. The final histologic scores corresponded to median score of the three sections containing both right and left hippocampal formation for each area (CA1Py, CA3Py, PoDG, GrDG and Mol) assessed to each mouse.
Statistical analysis
Statistical evaluation of data obtained for each area of the hippocampal formation at each time-point was performed with one-way analysis of variance (one-way ANOVA), comparing different groups. The analysis with ANOVA was followed by a Kruskal-Wallis multiple comparison Z-value test for post hoc analyses. Differences were considered significant at Po0.05. Graphs were performed using GraphPad Prism version 3.00 for Windows, GraphPad Software, San Diego California USA, http://www.graphpad.com.
